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NATIONAL ADVISORY COMMITTEE FOR AFRONAUTICS

ADVANCE CONFIDENTTAL REPORT

A THECRETTCAI, ANALYSIS OF THE PERFORMANCE OF A DIESEL
ENGINE-COMPRESSOR—TURBINE COMBINATION FOR AIRCRAFT

By Eldon W. Hall

SUMMARY

A theoretical study was made of a Diesel engine-~compressor-
turbine combination for aireraft application. The performance char-
acteristics of the compressor and the turbine chosen for the analysis
are believed to be attainable on present aircraft equipment. Maximum
cylinder pressure, maximum exhaust-gas temperature, and maximum

‘ engine speed were limited to values now obtained on gpark-lgnition

| enginss. The analysis indicates favorable performance characteristics
| for the proposed power plant for the following combinations of condi-
‘ tions:

(a) Extremely high engine inlet-manifold and exhaust-manifold
pressures

(b) Very lean fuel-zir ratio

(¢) Low engine compression ratio compared with conventional
Diesel engines to reduce the maximum cylinder pressure
to a safe value

(4) Intercooling between the compressor and the engine

(e) Use of turbine power in excess of that required to drive
the compresssor

The results indicate that it would be possible to obtain much
more power per unit displacement volume with this combination than
with a spark-ignition engine of the same maximum cylinder pressure
and engine exhaust-gas temperature. When the proposed combination
was assumed to operate under these conditions, the computed gpecific
fuel consumption at maximum power was lower than that now obtainable
with spark-ignition engines operating under a lean-cruise condition.
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Because of the internal cooling provided by the large quantity
of excess alr in the proposed system, adequate engine cooling would
be considerably easier to obtain than for a conventional Diesgel engine,
The weight per horsepower output of the combination was calculated to
be less than that of a conventional spark-ignition aircraft engine.

INTRODUCTION

Considerable work is being done on the combination of the spark-
ignition engine with a turbine and a compressor to 1ncrease the power-
plant sfficlency and performancs,

The occurrence of fuel knock prevents a spark-ignition engine
from operating at the high inlet-manifcld and exhaust-manifold pres-
sures and the lean mixtures that are nescessary to obtain maximum
performance. The Diegel engine iz not limited by this fuel-knock
condition and, when operated in conjunction with turbine and compres-
gor, presents the possibility of cconsiderably better performance than
an squivalent system incorporating a spark-ignition engine,

The main cbjections tc the applicaticn of the Diesel engine to
alrplanes have been the high specific weight and the large amount of
external cooling required. Combinations of Dicsel engine, compres-
gor, and gas turbinc have been proposed for marine use; one system
already being successfully used is described in referpnce 1. The
Present analysis, made at the Aircraft Engine Rescarch Laboratory of
the NACA during the summer of 1943, is the study of a combination of
similar ccmponents to be applied specifically teo aircraft and reveals
how the system would eliminate most of the serious difficulties
involved in the usc of a Dissel engine alone.

The purpose of the analysis in this report is to show the per-
formance that may be possible with a current aircraft spark-ignition
engine modified to operats on the Diesel cycle in combination with
a compressor and a turbine while adhering to the current limitations
on maximum cylinder pressure, engine speed, and exhaust-gas temp: ra-
ture. Curves are presented that show the performance for varioug
engine inlet and exhaust pressures with and without the compressor
and turbine geared to the engine shaft. The equations used in the
analysis ars derived in the appondix,

The values for the weights and the e¢fficiencies of the compon-
ents of the system used in the analysis are characteristic of current
practice. The system may be tuilt around ccmponents that have already
reached advanced stages of development for aircraft use, and their
adaptation to the proposed system should be a relatively simple
problem.
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ANALYSTS

In the first part of the proposed cycle the air is compressed
in a supercharger, intercooled, and introduced into the engine at
high pressure. In the engine it is further compressed to the maxi-
mum cylinder pressure; the fuel is introduced, burned at constant
pressure, and the mixture is then expanded. The compressicn ratio
of the engine is so computed as to provide the desired maximum cyl-
inder pressure at the end of the compression stroke. At ths end of
the expansion stroke the gases are exhausted at a high back pressure
into the turbine and thence to the atmosphere. The amount of fuel
introduced is limited by the condition that the exhenst-gas tempera-
ture does not exceed a value considered safe for turbine opsration.
For additional power the exhaust gas could be discharged rearwardly
from the turbine to obtain Jet thrust.

Whon the engine back pressure or the turbine inlet pressure is
made equal to the engine inlet pressure, the turbine power is nor-
mally greater than the compressor ncwer; for this case, the coupled
turbine and compresscr are comnectsd by a geur-reduction unit to the
englne shaft, end the excass power is added to the engine power for
driving the propeller. If the engine back pressure is less than the
ergine inlet pressure and is of such value thet the turbine and the
compressor powers are equal, it would not be advantageous to gear
the turbine and compressor to the engine shaft and these two compon-
ents become a turbosupercharger. The 10ss in turbine power in this
case is partly compensated by the increase in engine power that
results from the reduction in back pressure. An optimum back pres-
sure exists at which the net power is a meximum.

With additional engine modifications, the system can be oper
ated on a two-stroke cycle. With this type of operation, the engine
back pressure should be less than the sngine inlet pressure to permit
scavenging of the engine cylinders. Two-stroke-cycle cperation,
which is well suited f£or the Diesel cycle because no loss of fuel
occurs during the scovenging process, further increases the power
output obtainable with this system.

The cycle for the proposed system is shown diagrarmatically in
Pigure 1. The air is first compressed from pointsg 1 te 2 in a ‘turbo-
supercharger, intercooled from points 2 to 3, and introduced into the
engine under high pressure at point 3. In the engine it is further
compressed to the maximum cylinder pressure at point 4 where fuel is
injected and combustion is etarted. The main part of the combustion
process occurs from points 4 to 5 at constant pressure.
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The rest of the combustion occurs during the polytropic expansion
from points 5 to 8. At the end of the expansion stroke (point 6)
the pressure is dropped to the engine back pressure at point 7,
wvhich may be either above or below the engine inlet pressure,
depending on the power desired in the turbine. Part of the gasee
remeining in the cylinder are then exhausted from the engine to
point € and the pressure of residual gases is changed to the engine
inlet pressure (point 9) when the engine inle% valve is opened.

The gases leaving the engine are irreversidly expanded tc the tur~
bine inlet pressure av point 10; the temperature at this state is
ingured safo for turbine operation by limiting the quantity of fuel
in i phase in the engine. The gases are
then expanded © the initial air pressure at
point 11, The combustion during the expansion process from points 5
to 6 is undesirable but ie introduced to simulate more closely actual
engine performance.

In order to show more clearly the possibilities of the proposed
system, an af. i a displacement of 1820 cubic inches
and modified to oporate as a Diesel cngine in the suggestod manner
wag considered. The conditions applied in tho calcul: ons of the
porformance of the system wore (1) that the maximvm cylinder pres-

sure 4id not cxc a value considered safe for currunt spark-ignition
engincs and (2) t tho exhavst-gas temperaturc did not excecd a safe
value for turbine oper n.

The following arc the assumed opcrating conditions:

Maximum cylinder pressurc Dys pounds pcr sguare inch . , . . 1200
Maximum tomperaturc at turbine inlet Ty, ©F absolute . . . 2260
Engino displacement Vd’ cubic inches per cycle . . . . ., . . 1820
Enginc spoed N, TP . o 4 v v 4 4 4 o o 4 e 4 4 e 4 . . . . 2400
Compressor sfficicncy Mo percent . . . . . . .. ... ... 70
Turbins cfficicncy s 2 e Y (I
Enginc mechanical officiency ng, percent . . . . . . . ... 87.5
Reoduction-gear efficicncy percent . . . . . . .. .. .. S0
Intercooler effoctiveness . P T T ¢ g - o]
Exponent n for compree ssion in unguw e .. P ]

P e ]

Ixponent n'
, P &)
for air injection of fuel)
xm, pov"las.......‘. F P 1)
Spocific weight of cach aux-?ha‘"y cmponent :
v, pound per horsepewor . . . . . . . . . . . . . 0.30
Vo pound per horscpewer . . . . . . . . . . . C.20

Reduction gears WE, pound pcr horsepower . . . . . . . . . 0,25
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The values of the polytropic exponents n and n' were
chosen after a study was made of indicator diagrams taken on a
Diesel englne (unpublished data on the modified NACA universal test
engine described in reference 2 taken at Langley Field, Va., in
1931). The. expansion exponent of 1.20 indicates the existence of
further combustion after injection is completed; in the calculation
of the fuel consumption, the fuel burned during this process is
edded to the fuel burned during the constant-pressure process. A
Diesel fuel, dodecane, was assumed to be used with an effective
heating value of 19,450 X (1 - F/A) Btu per pound in the range under
consideration when determined by the method outlined in the appen-
dix, where F/A is the fuel-air ratio. This method accounts for the
variation in the composition and the specific heats of the mixture
throughout the cycle. The constent-volume lower heating value of
dodecene was taken as 19,150 Btu per pound at 80° F.

The compressor and turbine efficiencies listed are character-
istic of modern compressor and turbine performance. Higher effi-
ciencies, wher they are ottained, will yield greater net powers than
stated in this report. The weights of the components are also rep-
resentative of present equipment and are believed to be conservative.

The density of the fresh charge in the cylinder before it was
mixed with the residual gas was assumed td be equal to the density
in the inlet manifold. This assumption can be made inasmuch as the
errors that are introduced will be compensated for by the air which
is added during the fuel-injection period; this injected air was not
coneldered in the computations. If liquid-fuel injection is used or
if the engine operates with a low volumetric efficiency, the power
output of the system will be reduced according to the decrease in
air flow.

The method of analysis, in general, was to vary the inlet and
the exhaust pressures of the engine and to compute in each case the
powers of the various components, the fuel consumption, and the over-
all weight, subject to the conditions listed in this section. The
net power was taken as equal to the engine power plus the difference
between the turbine and the compressor powers multiplied by the
reduction-gear efficiency. The equations used in this computation
are included in the appendix,

DISCUSSION

Figure 2 shows power, specific weight, specific fuel consump-
tion, engine compression ratio, and fuel-air ratio at various engine
inlet pressures for the illustrative case at sea level in which the
turbine and the compressor are geared to the engine shaft and the
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engine inlet pressure is equal to the engine exhaust back pressure.
A turbine and a compressor, each with an efficicncy of 7C percent,
are asswmed to give the desired engine inlet pressure. In order
that the maximum cylinder pressure of 1200 pounds per square inch
will not be exceeded, the engine ccmpression ratio must be decreased
as the engine inlet pressu:re is increased. The loss in efficiency
becange of this reduction in the compression ratio of the ergine is
»41ly compensated for by the additional compression and expansion
in the turbine and the compressor, and the net change in specific
fuel consumption is small,

As the engine inlet and exhaugt pressures are increased, the
net power outp increases in the range shown in Tigure 2. When
the inlet pressure is increased adove 4 atmospheres (all atmospheres
are considered to be at sea level)) the net power increases only
slowly, whereas compressor and turbine powers increase more rapidly.
From practical considerations, it does not appear feasible ‘o opecrate
at engine inlet pressurss much higher than 4 atmospheres, If ths
turbinc and the compressor ef sed considerably
above 70 percent, the gain in net power and efTicicncy at pressures
above 4 atmospheres may be sufficient to warrvant the additional dif-
ficulty of operating at these higher engine inlet prossures.

At an enginc inlot bressurc of 4 atmosphercs, the specific
weight of the power plant is reduced to 1.0C po\,.nd por horsepover,
which is 0.25 peund per horscpower less than that of tho original
spark-ignition engine around which the proposed system is assumed
to be built.

inlet-manifold prossure of 1 atmosphere, which
cuperchargi cngine compression ratio in this case
e valrc for tae theoretical
nor most of the fuel could be burncd at con-
stant pressure in practice and it would be nocossary to rocduce the
compress:on ratio below that given to proevent cxcceding the maximum
allcwable cylinder prossure, This reduction in coumpressilon ratio
would be acccompanied by a correspending incrcase in specific fuel
consvmption.

The fuol-air ratio docrcases as the cnginc inlet prossuve is
incrcaged and, at a p-ossurc of 4 atmosphcres, tho systom operates
with considerable oxcess air. The cleararce volumc of the proposed
cngine with a high inlet prossurc must be much groater, for a given'
maximum cylinder pressure, than the clearance volume of the conven-
tional Diesel enginc operating on a lower inlet pressurc; conse-
quontly, the rate of volumo change during cxpension in the engine
is lower for tho same enginc spcod and constant pressurc may bo
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maintained with a lower rate of combustion than for a conventional
Diesel engine. This lower required rate of combustion allows a more
complete burning during the constant-pressure process that occurs
during a greater portion of the expansion stroke ani a more nearly
adiabatic expansion during the rest of the stroke. It is therefore
believed that, at an inlet pressure of 4 atmogpheres, the large
amount of excess air, the high air dene‘ty, and the 1ow required
rate of combustion are favorabls for the attainment of constant-
pressure combustion. The combination of large powers and low spe-~
cific fuel consumptions shown by figure 2 when compared with per-
formance valves of conventional aircraft engines indicates that,
even if constant-pressure combustion is not completely achieved.
the compound engine under discussion may still have attractive
performance.

Although the eliminetion of the interccoler would result in
consicerable loss of maximum powsr, a gain in efficiency would be
effected whon the turbine and the compressor are geared to the
engine shaf%, ac indicated by the following table calculated for
engine inlet-manifold and ezhaust-manifold pressures cf 4 atmospheres
for sea-level opcration.

With Without
intercooler intercooler
et horsepover output 2054 1413
Ingine lorsepcver 1779 1205
Compressor Lorsepower 616 465
Turbi Lorsepover 922 €96
Specific fucl consump- 0.330 C.296
tion, 1b/bhp-hr
Specifis woight, 1o/bhp 1.00 1.39

In the woight calculations throughout the report, no allowance
has been made for the weight of the intercooler. At an onginc inlet
pressure of 4 atmospheres at sea level, the weight of the inter-
cooler is cstimated at less than 0.04 pound per horsepower output.

At high altitudos the performance given in figure 2 could be
obtained by an additional turbosupercharger and intcrcooler for
maintaining sea-level atmospheric conditions at the main compressor
inlet and the mein turbine cxhaust. The power in thce cxhauvst gas
issuing from the main turbine would be mcre than cnough to opcrate
the auxiliary turbosupcrcharger.

Operation with ogual cnginc inlet-menifold and cxhaust-manifold
pressures docs not nocessarily represent an optimum condition. Fig-
ure 3 shows the performance characteristics of the systom operating
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at an inlet pressure of 4 atmospheres when the exhaust back pressure
is varied. At both sea level and 30,000 feet, little difference in
net power output exists between the case in which turbine and com-
pressor powers are equal and the case in which engine inlet and
exhaust pressures are equal and the turbine and the compressor are
geared to the engine shaft. Decreasing the back pressure to a value
that results in equal turbine and compressor powers increases the
specific fuel consumption but decreases the specific weight of the
system.

In figure 4 is shown the performance when the turbosupercharger
is not geared to the engine shaft and the engine inlet pressure is
allowed to vary. Although the turbine power is lower than that shown
in figure 2, this lose is partly balanced by a gain in engine power
resulting from the reduced back pressure. This type of operation
offers the practical adventage of eliminating the gearing between the
turbosupercharger and the engine and the system becomes more flex-
ible; the principal difference is that the specific fucl consumption
is slightly higher.

Examination of the curves in figures 2 to 4 indicates that
theoretically more than 2000 horsepowcr may be expected from an
engine with a displacement of 1820 cubic inches when operated on a
Diesel cycle in the proposed manner without exceeding the safe max-
imum cylinder pressurc for current engines cr the safe exhaust-gas
temperature for current turbines. This power is cbtained with a
specific fuel consumption of 0.330 pound per hersepower-hour and a
net specific weight of 1.00 pound per horsepower when the engine is
operated at an inlet prossurs of 4 atmospheres and with a fuel-air
ratio of 0.037. The maintenance cf safe cylinder temperaturcs is
favored by the low fuel-air ratio.

If an oxcoss amount of scavenging air is used for cooling the
engine cylinder and for reducing the exhaust-gas temperatures for
safe turbine operation, it may be possible to burn more fuel and
generate more power in the engine. Nc appreciable reduction in
efficiency will result because most of the power for compression of
the excess scavenging air will be realized in the turbine., Even
further increases in power and reductions in weight could be
expected if the cngine were operated on a two-stroke cycle to which
this system readily lends itself.

For part-lcad opcration several methods cf varying the power
output are possible. The power may be reduced by decreasing the
cngine speed, the engine inlet-manifold preussure, or the fuel-air
ratio. These methods require that one or mere of the following
items be adjusted: the turbine-nozzle area, the compressor N
(volume flow pur rpm) for efficicnt operation, or the relation
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between the turbine, the compressor, and the engino speeds. Addi-
ticnal study is required to rouveal the method of power control that
provides maximum officiency without excessive mechanical complication.

For fairly high airplene speeds, a large amount of additional
power may be available from exhaust jet propulsion. Because of the
high turbine-nozzle-box pressure and the increased amount of exhaust
gascs handled with the proposed system, a larger proportion of the
power may be realized from Jet thrust than from & conventional
turbosupercharged engine. This added power would further reduce the
gpecific fuel consumption.

The proposcd power plant, in general, rotains the desirable
characturistics of a Diesel plant without thc main objectionable
featuros — high specific weight and largs amount of cxternal cool-
ing = commonly associatcd with aircraft Diesel cngincs The mechan-
ical features of the proposcd system will undoubtedly nesd somo
detailcd study but, inusmuch as the system generally londs itsclf
to the usc of aircraft cquipment thet has alrcedy rcached edvanccd
stages of development, tho problems of adaptation should be rela-
tively simple.

CONCLUSIONS

In the proposed Dicsel engine-compressor-turbinc combination,
based on an cngine with a displacement of 1820 cubic inches, a
maximum cylinder prussure of 1200 pounds per sguarc inch, a maxi-
mum exheust-gas temporaturc of 1800° ¥, an cngine speed of 2400 rpm,
cquipped with an auxiliary turbinc and comprcssor with efficienciuvs
of 70 percent cach, and with conservative assumpticns rogarding other
operating conditions, the following porformance characteristics may
bo obtained:

1. With an engince inlet pressure of 4 sea-level atmosphercs,
the net power output of the system would be approximately 2000 horse-
powor at a lower specific fuel consumption than is now obtained in
the lean-cruisc condition on the conventional spark-ignition engine.

2. With four-stroko-cycle c¢ngine operation, the specific weight
of the systom would be rcduced to 1 pound per horgepower with an
engine inlet prossurc of 4 sca-level atmospheres.

3. Increasing the engine inlet pressure would increase both the
compressor and the turbine powecrs but, if this inlet prcssure were
increaged beyond 4 sea-level atmospheorcs, only a amall increasc in
net powor would rcsult at the expense of highor specific fuel con-
sumption.
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4. The fuel-air ratio required to provide 2000 nst horsepower
at an engino inlet pressure of 4 sea-level atmospheres is 0.037.
Becauge of the large amount of exceas air at this mixture the prob-
lom of cooling should be simpler than for the conventional Diesel
engine ot the samc specific power.

5. Docreaging the onginc back pressure below the inlet pres-
sure to a valuc that makcs tho turbinc end the compressor powers
cqual would increasc the specific fuel consumption and reducc the
turbine powor and the over-all specific woight of the system, but
the net powsr output would remain substentially the same.

6. The znalysis shows, in gencral, thet it would be adventa-
geous to add a turbine and a compressor to a Dicscl enginc for
hendling large quentitics of exccess air above that necded for com-
bustion even though a roduction in the ongine compression ratio
would bu nceessary to avoid cxceussive eylinder preossurc. Because
of the additional prussurc ratios across the turbinc and the com-
prossor, the resulting system would have ¢ high over-azll compres-
sion ratio. The proposcd system thus would have a high net offi-
cicney but would be capablec of haendling larger quuntities of air
than & given convontional ongine, which would result in a higher
specific powor output.

Aircreft Enginc Roscarch Laboratory,
TNational Advisory Committuc for Aeransutics,
Cleveland, Ohioc.
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APPENDIX - DERIVATION OF EQUATIONS APPLICABLE
TO THE PROPOSED CYCLE
Symbols

B . ratio of volume of gases in the engine after combustion to
volume before combustion for the same temperature and
Rt

pressure, =—=
e
c specific fuel consumption, 1b/bhp-hr

[ fuel consumption, 1b/sec

Cph specific heat at constant pressure before coribustion,
N 7.72 Btu/(°F)(slug)

c. specific heat at constant pressure after combustion,
9.60 Btu/(°F)(slug)

cy' specific heat at constant volume after combustion,
Btu/(°F) (slug)

F/A fuel-air ratio

h effective heat value of fuel, Btu/lb

i intercooler effectiveness

J Joule's constant, 778 ft-1b/Btu

u mass flow of air through the system, slugs/sec

Mg mass flow of residual gases and induction air in the engine,
slugs/sec

My mass flow of fuel, slugs/sec

M, mass flow of residual clearance gases, slugs/sec

MT total mass flow of mixture and fuel in the engine, slugs/sec
n exponent for polytropic compression in the engine

nt exponent for polytropic expansion in the engine
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N engine speed, rpm

pressure, 1b/sq in. absolute

]

P horsepower
R gas constant before combustion, 1718 ft-1b/(°F)(slug)

L' gas constant after combustion, 172l ft-1b/(°F)(slug)

r engine compression ratio
T temperature, °F absolute
v specific volume, cu ft/slug

v volume, cu in./cycle

w specitic weight, lb/bhp

W weignt, 1b

¥ ratio of specific heats before combustion, 1.10
Y ratio of specific heats after combustion, 1.30
n efficiency, percent

M engine mechanical efficiency, vercent
Subscripts:

1 to 11 (points of the cycle (fig, 1)):

1 atmospheric air

2 after comoression in compressor

53 after intercooling

3 mixture before compression in the engine
N after cowpression in ihe engine

5 end of constant-pressure combustion

6 end of expansion
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7 in cylinder after blowdown
3 in cylinder before intake valve is opened
9 in cylinder after intake valve is opened

16  turbine inlet

11 turbine exhaust

a during constant-pressure combustion
b during polytropic expansion

c compressor

d displacement

e engine

£ fuel

g reduction gears

u net

T residual gases

re reciprocating comoressor
t turbine
T total

The prime indicates the value during and after combustion.

Equations
The compressor power for a pressure ratio of p, /P is given
by 2/F1
y-1
Y

P, Je T
= szgni C—i) =1, (vhp)(soe)/(s1ug) e
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and the temperature after compression by

550 (Po)
To = Tq + 250 (Ig OF absolute (2)
27T ey W)

p \1

The temperature after intercooling with an intercooler of effec-
tiveness i is

Ty, =T, - i (Tp = T1), °F absolute (3)

For & maximum temperature at the turbine inlet T, the formula
for the turbine power is

r-i
Py mydep'Tio | (e ] v!

m 550 |1 5 (bip)(sec)/(slug) (L)

el
P
where Py is the engine exhaust bacl pressurc. %hen the turbine

and compressor powve. equal, the engine back pressure can be
found from cquation (L) by setiin; Py/it = Pg/ii (eguation (1)).

The clearance volume V), is related to the total volume V5
or VL| + Vg by the equation

- 1/n .
Xé:[‘ﬂ‘. =V._.__._L“.Ji=l+v_d (35)
VL; \?2 VL& Vh
from which
. Va
v, = s o in./cycle (6)
(py/p2) -1
The residual gases left in the cylinder are conpressed from ores-

sure pg to Py by the frosh charge after the inlet valve is
opened. The volume of the residual gas after this compression is
given by the adiabatic lormila

o
Vg = VIJ.(M; , eu in./cycle (%))
\

where vy, = Vg
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During the intake stroke the mass of air drawn into the cyl-
inder for four-stroke operation is given by

Vi = Vg) ppli/2
- ( 3 9’ P2 / (8
= slugs /sec )
60 x12 xR x T, ~
31
The initial mass during the engine cycle is
M = M + My, slugs/sec 9)
and the total mass at the end of the expansion stroke is
Np = Mo+ My + Mp = M(1 + F/A) + M, slugs/sec (10)
vhere the mass of residual gases M, is

RTS8
My = g

il = Y, shws/sec (11)
73 \os

When tie energy of
of the gases aiter blo

> gases before blowlowm and the energy
are equated

Uilwvgp pATA
Tg + ”*"1 =Ty *
Jey

Uihvg(P7 = Pg)
et Xy S YA
Te * e

Jey,

Then

[

Uli(2g - Py)vg , (g = Pp)I'T,
=14 -

Ti0 = T6 = ; (12)

T
Jup pﬁJc?

Since Vg =V, (13)

T
T = 2 (.p_é , °F absolute ()
675 \n

\F2
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vhere
WBU_ ML+ F/A) ¢ M R
R S R

For a very close approximation (applicable to lean mixtures)
B=1+F/A

Solution of eguations (12) and (1h) for pg gives

» 1b/sq in. (15)

in the cylinder at the end of the
ed from Pg to Dpps

—~ , 9F abso>lute a7

ximate value of T, equations (10), (11), (1), (15),
7

and (17) g
T3,

. L -, OF absolute (18)
2 //Y.

1
_ *Py/p2)

iy
ﬁ‘{v—d+ 0.3
L

where M,/

to be 0.0597/’92. The temoerature after
compression T,)

wiven by
-l

A
T), =T (-—‘ s °F absolute (19)
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Nearly all of the fuel is burned during constant-pressure
expansion so that the temperature T. before polytropic expansion
to give Té at the end of the stroke can be given by

n'-1
Ty =T ﬂ\ " OF absolute (20)
5~ "6\pg/ ’ -
The fuel consumption during the constant-pressure expansion
is
gy
6, = =3 (15 - 1,), Lo/sec (21)

and during the polytropic expansion

Cp = T \n—,__—;—>(1‘;—T6), 1b/sec (22)

If an accurate value of the fuel consumption is desired, an
effective heat lue h, for use in equations(2l) aad (22), can
be calculated from an analysis of the cycle involving variable
values of Cor ¥, ard R. An evnirical equation applicable only
to this analysis was foun? aad, in the range inder consideration
for the illustrative case, h was found to be 19,450 x (1L - F/&) Btu
per pound for dodecane. The total fusl consumption will then be

C =34 + G, , Mb/sec (23)

With the mass M from equation (8), the compressor and turbine
powers can be found from equations (1) and ('), respectively.

The engine brake horsepower for the foregoing conditions is
given by the following formula, whick is a summation of the powers
for each of the processes during the cycle:

P, R \ NoRIT g
= ol R—-BTS—I‘\»*"—L———G‘lh -1
fle 350 \R7 Y " 55t - 1) i

ol

(Py - Pp)Vali/2 MRTy P, 2

" 550 x60 x 12 550(n - 1) (@) S| s (2
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The net power of the system will be
Py =P * 1y (P, = Py), bhp (25)
The specific fuel consumption for the system becomes
c = ;—N x 3602, 1b/ohp-hr (28)

and the fuel-air ratio is given by

¢ o
F/A = EE (27)
The compression ratio of the engine can be obtained from
equations (&) and (&) and is
v vy
r= 73- =1+ = (28)
I ),

The specific weight of the system can be found from the
weights of the component parts, vwhich are given oy the [ollowing
formulas:

Wy, X Py, 1b

Wg X Py, 1o
Wo=w, x P, 1b

g
Wy =w'x P!, 1b

where Pg' and we' are the horsepow:

respectively, of ths or
built, If air injecti
compressor and tie
may be assumed pro
of the system will

r and the specific weight,

1 engine around which the system is
used, the weight of the reci 1ocatlng
essary for the i
ortional to the engine weight. The tofal il ght
he

Wy =

and the total specific weight

F UG+ NG+ W g 5 1D

iy = WT/PN » 1b/bhp
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